P is an acquired disease in which a somatic mutation involving a primitive hematopoietic stem cell occurs.' The gene that is mutated (PIG-A) is located on the X chromosome. PIG-A encodes a protein that is essential for the normal biosynthesis of the glycosyl phosphatidylinositol (GPI) moiety that serves as a membrane anchor for a functionally diverse group of cellular proteins.',?
transplant, the patient once again became symptomatic. Together, these results indicate that syngeneic marrow infusion provided a clinical benefit by increasing the proportion of erythrocytes with normal expression of GPI-anchored complement regulatory proteins without supplanting the abnormal stem cells. However, evidence of insidious disease progression following the marrow infusion implies that the abnormal stem cells have a survival advantage relative to the transplanted stem cells. Thus, these studies contribute in vivo data in support of the hypothesis that PNH arises as a consequence of a pathological process that selects for hematopoietic stem cells that are GPI-AP-deficient.
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appropriate therapy for severe PNH, since the absence of graft-versus-host disease greatly reduces transplant-associated morbidity and mortality. In four reported instances, patients with PNH have been infused with syngeneic marrow without pretransplant ablative or immunosuppressive therapy. Of these four cases, one patient showed no evidence of improvement or engraftment of donor cells.' However, three patients had amelioration of symptoms. Of these three, one relapsed within 6 months and required a second transplant following conditioning with cyclophosphamide and totalbody irradiati~n.~.~ Another was symptomatically improved more than 8 years after the transplant, although the basis of the clinical benefit is not apparent, as the peripheral blood of the patient contained 98% DAF (CD%)-negative cells."' The last patient" had no evidence of PNH (based on negative sugar water and Ham's tests) more than 17 years posttransplant (last reported in 1992). " We evaluated a 10-year-old patient with PNH who had an unaffected syngeneic twin. Because of debilitating symptoms, and because PNH with onset in childhood appears to have a worse prognosis than adult PNH," bone marrow transplantation was recommended. We elected to infuse syngeneic bone marrow in the absence of a conditioning regimen, because it is virtually free of complications and longterm improvement has been observed."." If that therapy proved inadequate, the patient could be treated subsequently with a second syngeneic transplant after undergoing marrow ablative therapy.' Here we report the effects of infusion of normal syngeneic marrow on the patient's clinical course, on expression of GPI-anchored proteins (GPI-AP) in the peripheral blood, and on the contribution of the mutant stem cells to hematopoiesis.
SYNGENEIC MARROW TRANSPLANT FOR PNH 743
cytes. The marrow was infused unprocessed into the patient's central venous catheter. The donor stayed 1 day as an inpatient, the recipient none.
Evidence for monozygosity included physical appearance, identical HLA types, and identical alleles at six highly polymorphic loci typed by polymerase chain reaction (PCR). I4 Analysis of expression of DAF (CD55) and MIRL (CD59) on erythrocytes, and CD16 and CD24 on PMN, was performed on whole blood using flow cytometry. Binding of purified monoclonal anti-CD55 IgG (Wako Bioproducts, Richmond, VA) and anti-CD59 IgG (Caltage, South San Francisco, CA) was detected indirectly with the R-phycoerythrin-labeled F(ab')2 fragment of donkey antimouse IgG (Jackson ImmunoResearch, West Grove, PA). Directly labeled fluorescein isothiocyanate (FITC) conjugates of CD16 and CD24 were from Immunotech (Westbrook, ME). Light scatter gating of erythrocytes and PMN was used to collect more than 5,000 events on a four-decade log scale (Profile; Coulter, Hialeah, FL). Expression of DAF (CD55) and MIRL (CD59) on cultured T cells was analyzed by flow cytometry using published methods.l5.l6
Cloning of PNH T cells. The method of Endo et all6 was used.
Cloning and sequencing of PIG-A cDNA using reverse-transcription PCR. Minor modifications of the methods reported by Takeda et al' and Miyata" were used.
Six oligonucleotide primer sets (A-IT1 and B-I; A-1 and B-ITl; A-IT2 and B-IT2; A-IT3 and B-ITS; and A-IT4 and B-12) described by Iida et all' were used to amplify regions 2 through 6 of PIG-A. These regions included the complete coding sequence contained in exons 2 to 6, and the intronexon boundaries of these regions. The PCR products were used as templates for direct sequencing by dideoxy chain termination using either the Taq Dye Primer Cycle Sequencing Kit or the Taq Dye Terminator Cycle Sequencing Kit and a Model 373A DNA Sequencer (Applied Biosystems, Division of Perkin-Elmer, Foster City, CA).
The primer sets that flanked the appropriate regions of PIG-A cDNA (nucleotides 1095 to 11 15 of the coding region and primer 12 described by Miyata et ai" or genomic DNA [A-IT3 and BIT-31") were used to generate PCR products that included the mutation observed in the T-cell clone CD2E. The samples were incubated with BfaI (New England Biolabs, Beverly, MA) and analyzed by electrophoresis on agarose gels and ethidium bromide staining.
Analysis of the PIG-A mutation in PNH T-cell clones CD2A, CD2D, CD2F, CD3G, and CD3H. A primer set consisting of nucleotides 61 to 81 (sense primer) and 179 to 199 (antisense primer) was used to amplify a 141-bp PCR product containing the mutation. Aliquots of [(u-~'P]~ATP (3,000 Ci/mmol/L) (NEN Research Products, Boston, MA) were included in the PCR reaction mixture, and the PCR products were subsequently analyzed using 6% denaturing polyacrylamide gel electrophoresis and autoradiography.
DNA was isolated from buccal cells according to the protocol provided by the manufacturer using the Puregene kit (Centra Systems, Minneapolis, MN).
The method of Allen et aii9 was used.
Determination of twin monozygosity.
Flow cytometry.
Direct sequencing of genomic DNA.
Restriction analysis of PCR products.
Buccal cells.
Analysis of X-chromosome inactivation.
RESULTS
Case report. The patient is a girl (date of birth, 10/19/ 83) who was well until age 9 years 3 months (January 1993) when, in association with an upper respiratory tract infection and stomatitis, she noted severe substemal chest pain and black urine. Because of recurrent urinary tract infection, the patient had been treated for approximately 6 years with 25 mg/d of nitrofurantoin (Macrodantin; Rocter & Gamble Pharmaceuticals, Norwich, NY). The drug was discontinued. Over the next 10 months, she experienced three additional episodes of severe substernal chest pain followed by hemoglobinuria and lethargy lasting several days. The symptoms appeared to be precipitated by minor infections. In November 1993, following an episode of hemoglobinuria, the patient was found to have a positive Ham's test and a positive sucrose lysis test. At that time, both the white blood cell count and platelet count were normal, the hemoglobin concentration was 1 1.9 g/dL, and the serum lactate dehydrogenase (LDH) level was 1,734 U/L (normal range, 135 to 310 U/L). The diagnosis of PNH was confirmed by flow cytometry that showed abnormal expression of GPI-AP on the peripheral blood cells. The patient continued to experience the same constellation of symptoms intermittently over the next several months. HLA-typing and DNA analysis showed that her twin sister was genetically identical, and flow cytometry showed normal expression of GPI-AP on the peripheral blood cells of the twin. On April 5, 1994, the patient was infused with bone marrow cells that had been harvested from her twin that same day. Eight days before transplant, the hemoglobin concentration was 10.9 g/dL and the serum LDH level 1,760 U/L. Four months posttransplant, the hemoglobin concentration was 14.6 g/dL and the serum LDH level 419 U/L. For the next 13 months, the patient remained asymptomatic, despite having had infections that would have previously precipitated clinical symptoms of PNH. The hemoglobin concentration remained stable, but a gradual increase in the serum LDH level was observed (448 U/L 8 months posttransplant; 498 U/L 14 months posttransplant). Approximately 16.5 months posttransplant, the patient noted recurrent episodes of nocturnal substemal chest pain. Concordant with the onset of symptoms, both an increase in the serum LDH level to 645 U/L and a decrease in the plasma hemoglobin concentration to 13.7 g/dL were observed.
Before transplant, approximately 50% of the patient's erythrocytes showed normal CD55 (DAF) expression, while approximately 25% showed normal CD59 (MIRL) expression (Fig 1) . Four months posttransplant, normal CD55 expression increased to 80%, and normal CD59 expression increased to 65%. Through 13 months of additional observation, a decline in the percentage of erythrocytes with normal CD55 expression was observed, but CD59 expression during this period appeared stable. Seventeen months posttransplant, normal CD55 and CD59 expression was observed on 60% and 68% of the erythrocytes, respectively.
Analysis by flow cytometry of the patient's peripheral blood PMN also showed an initial increase in GPI-AP expression following infusion of the syngeneic marrow ( Fig  2) . One day before transplant, 9% and 14% of the PMN expressed normal amounts of CD16 (FcyRIIIb) and CD24, respectively. Four months posttransplant, normal expression of CD16 was observed on 40% of the PMN, while normal expression of CD24 was observed on 57%. Thereafter, a gradual decline in expression of the two GPI-AP was noted Clinical response to syngeneic marrow infusion.
Effects of marrow injhsion on GPI-AP expression.
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Together, these data suggest that the syngeneic marrow infusion provided a significant clinical benefit by increasing the proportion of erythrocytes with normal expression of GPI-anchored complement regulatory proteins. These results imply engraftment and proliferation of long-term repopulating donor stem cells. However, over 17 months of posttransplant follow-up evaluation, evidence of progressive dominance of hematopoiesis by GPI-AP-deficient stem cells was observed (Figs l and 2 ). These results suggest that the mutant stem cells have a survival advantage relative to stem cells with normal GPI-AP expression.
Development of PNH T-cell clones. To determine the PIG-A mutations that produced the GPI-AP deficiency in this patient, T-lymphocyte clones derived from the patient's peripheral blood pretransplant were established. Flow cytometry (Fig 3) showed that some of the clones had normal expression of GPI-AP (eg, clones CDlD). However, other clones showed abnormal GPI-AP expression (eg, CD2A, CD2D, and CD2E). Among the T-cell clones with abnormal GPI-AP expression, the phenotype was similar. When the peripheral blood lymphocytes of the patient's twin sister were subjected to the same type of analysis, no GPI-APdeficient lymphocyte clones were identified (not shown).
Analysis of PIG-A. By using reverse-transcription (RT)-PCR, PIG-A cDNA from the T-cell clones was amplified and the nucleotide sequence subsequently determined. No mutations were found in the PIG-A cDNA derived from the T-cell clones with normal GPI-AP expression (represented by CDID, Fig 3, and CMlC, not shown). These results imply that clones with normal GPI-AP expression are the progeny of stem cells with normal PIG-A.
In contrast, PIG-A mutations were identified in all clones with abnormal GPI-AP expression. Clones CD2A and CD2D (Fig 3) , along with clones CD2F, CD3G, and CD3H (not shown), were found to have a 2-bp (AT) insertion between nucleotides 98 and 106 that caused a frameshift and introduced a premature stop signal at codon 61. This mutation provides a plausible explanation for the observed GPI-AP deficiency, since 423 (of 484) amino acids would be deleted from the protein product of this abnormal gene. Direct sequencing of genomic DNA from these clones demonstrated that the insertion mutation was heterozygous (not shown). This conclusion was supported by PCR analysis of genomic DNA (Fig 4) . When the PIG-A from the clones known to contain the mutant allele (represented by CD2A, CD2D, and CD2F) was analyzed, two bands were observed (the lower band representing the wild-type allele and the upper band representing the allele with the 2-bp insertion). Only the wild-type allele was observed in clones CDID, CMIC, and CD2E, demonstrating that the mutation was not inherited (Fig 4) . No evidence of the mutation was observed in the genomic DNA derived from peripheral blood cells obtained either before or after the transplantation (Fig 4) . Inasmuch as the pretransplant DNA that was analyzed in these experi- ments was derived from whole blood containing lymphocytes, these result suggest that the proportion of peripheral blood cells bearing the 2-bp insertion is below the threshold of detection. This finding implies that the abnormal stem cell from which these mutant cells arose was producing a relatively small number of progeny. Clone CD2E showed aberrant expression of GPI-AP (Fig  3) . but the PIG-A mutation was different from that of the other abnormal clones (Fig 4) . Sequence analysis of PIG-A cDNA showed a G-to-A transition at position 1160. This substitution changed codon 387 from the wild-type TGG (Trp) to the mutant TAG (nucleotides involved in the transition shown in bold), thereby introducing a premature stop signal. This nonsense mutation could account for the abnormal GPI-AP expression by CD2E, since it results in truncation of 97 residues from the COOH-terminal portion of the PIG-A protein.
The G-to-A transition introduced a new OfaI restriction site. To characterize further the mutation in clone CD2E, PCR primers that flank the site of the substitution were used to amplify a 418-bp product from PIG-A cDNA. After incubation with BfuI, the PCR product from from CD2E cDNA was completely digested (Fig SA) , confirming that the mutant allele was located on the active X chromosome. In contrast, the new restriction site was not contained in the PIG-A cDNA from clones CDID and CD2F (Fig SA) , showing that the active allele from those clones did not contain the CD2E mutation. Analysis of PIG-A cDNA derived from PMN isolated from the patient's peripheral blood 14 months posttransplant showed that a portion contained the Qfil restriction site. These results indicate that the mutant stem cell was still active more than 1 year after infusion of the syngeneic marrow. The restriction pattern of PIG-A cDNA from PMN isolated from the patient's twin sister was normal (Fig  SA) , demonstrating that the mutant stem cell was not of donor origin.
To confirm that the mutation was present in genomic DNA, PCR primers that flanked the mutation were used to amplify a 581-bp segment of PIG-A. After incubation with BfiI, the PCR products from the normal control DNA and from DNA from clones CD 1 D and CD2A were undigested, whereas a portion of the CD2E product was cleaved into fragments of 494 and 87 bp (Fig SB) . Together, these results indicated the following: ( I ) the mutation in CD2E is heterozygous; and (2) the mutation is somatic in origin rather than inherited. For Analysis of the effects qf syngeneic marrow infusion on hematopoiesis. Flow cytometry showed that the proportion of peripheral blood cells with normal GPI-AP expression increased following the transplant (Figs 1 and 2 ), implying engraftment of donor cells. To investigate the effects of transplantation on the contribution of the abnormal stem cells to hematopoiesis, we took advantage of the @fa1 restriction site introduced by the CD2E mutation. DNA was isolated from the peripheral blood of the patient and her twin sister (the donor) 2 months pretransplant and 14 months posttransplant and used for PCR amplification of the region of PIG-A containing the mutation. DNA from clone CD2E served as the control. Following incubation with @faI, the donor PCR product was undigested while the restriction pattern of the PCR product from CD2E was consistent with a heterozygous mutation (Fig 6) . In the case of DNA from the patient, the restriction pattern posttransplant was similar to that of the pattern pretransplant, indicating that the relative contribution of the mutant stem cell to hematopoiesis was minimally affected by the transplantation.
To investigate further the effects of the transplant on hematopoiesis, the pattern of X-chromosome inactivation was analyzed. In these experiments, genomic DNA was incubated with buffer or with buffer containing the methylationsensitive restriction enzyme HpaII. Next, a highly polymorphic region of the human androgen receptor gene (HU-MARA) located on the X chromosome was amplified by PCR. The PCR primers flank two HpaIl sites near the polymorphic region of HUMARA. Thus, only the inactivated (methylated) gene is amplified following treatment with HpalI, since the restriction enzyme disrupts the continuity of the sequence between the PCR primers on the active (unmethylated) gene. For the results to be informative, the alleles must be sufficiently polymorphic to allow resolution when analyzed by denaturing polyacrylamide gel electrophoresis.
In the buffer control samples [the (-) samples] from the patient and the donor, both the active and the inactive genes are amplified (Fig 7) . In the HpalI-treated samples [the (+) samples] from the donor, both alleles are represented equally. This pattern of random X inactivation is indicative of polyclonal hematopoiesis. In contrast, analysis of DNA from the peripheral blood cells of the patient before transplantation showed a nonrandom pattern of X inactivation (Fig 7) . Analysis of the patient's peripheral blood cells after transplant showed a pattern of nonrandom X inactivation that was similar to that observed pretransplant. Since the donor cells displayed a pattern of random X inactivation, this observation implies Bfal analysis of genomic PCR products before and after transplantation. DNA was isolated from the peripheral blood of the patient (PNH) and her sister (Donor). The pretransplant DNA was isolated from whole blood, while the posttransplant sample was derived from isolated PMN. A primer set that flanks the CD2E mutation was used to amplify a 581-bp segment of P/G-A. The PCR products were incubated with Bfal and subsequently analyzed by agarose gel electrophoresis and ethidium bromide staining. The wild-type PCR product does not contain a Bfal restriction site. The mutation creates a Bfal restriction site such that the PCR product is cleaved into fragments of 494 and 87 bp. The 87-bp fragment is not shown. Left, the position of the size standard (St) is indicated.
that the number of cells that engrafted was not sufficient to shift the X-inactivation pattern in the hematopoietic cells of the patient from nonrandom to random. These results support the hypothesis that the clinical benefit experience by the patient following the transplant resulted from engraftment of a relatively small number of donor cells.
Analysis of the pattem of X inactivation in hematopoietic and buccal cells. The observation that the pattern of X inactivation in the peripheral blood cells of the patient was nonrandom could be explained either by skewing of X inactivation or by dominance of hematopoiesis by a stem cell in which the allele represented by the upper band is inactive (Fig 7) . To distinguish between these two possibilities, analysis of X-chromosomal inactivation in other somatic tissue was compared with that of hematopoietic cells. The pattern of X inactivation of buccal mucosal cells from the patient was identical to that of her PMN (Fig SA) . Thus, the nonrandom pattern of X inactivation observed in the peripheral blood cells is not due to clonal dominance of hematopoiesis, but rather to marked skewing of X inactivation. These findings also support the hypothesis that the pattern of X inactiPre-transplant (2months)
PNH Donor
Hpall I -+ 1 I -+ 1 -vation is stochastic rather than genetically determined, since the patient's twin sister has a random pattern (Fig 7) . Although a different allele is inactive, the patient's mother also has a pattern of nonrandom X inactivation (Fig SA) , that, like the patient, is due to extreme skewing of X inactivation, rather than to monoclonality of hematopoiesis. These results underscore the importance of analyzing the pattern of X inactivation in additional somatic tissues before attributing a pattern of nonrandom X inactivation observed in hematopoietic tissues to clonal dominance. To insure that the buccal cells were not contaminated with hematopoietic tissues, DNA was analyzed for PIG-A mutations by restriction analysis. The region of PIG-A containing the CD2E mutation (the G-to-A substitution at nucleotide position 1160) was amplified, and the PCR products were incubated with buffer or with buffer coptaining BfaI. A portion of the PCR product derived formi the DNA of the patient's PMN was cleaved by Bfal, demonstrating the presence of mutant cells. In contrast, the PCR product derived from the DNA of the patient's buccal cells was not cleaved by BfaI. These findings show that the DNA isolated Post-transplant (14 For from the buccal cells was not contaminated with hematopoietic cell DNA and confirm that PNH is due to somatic mutations involving the hematopoietic stem cell rather than to germ-line mosaicism.
DISCUSSION
Here we report the effects of infusion of syngeneic bone marrow on a patient with PNH. Following the transplant, the patient's symptoms resolved, and laboratory evidence of amelioration of intravascular hemolysis was observed in that the serum LDH level decreased from 1,760 U/L 8 days pretransplant to 419 U L 4 months posttransplant. Our studies indicated that donor stem cells engrafted and proliferated initially. This conclusion is based on the observation that following the infusion, the proportion of erythrocytes and granulocytes with normal GPI-AP expression increased (Fig  1 and 2) . However, subsequently, symptoms recurred concordant with evidence of worsening hemolysis and an increase in the proportion of GPI-AP-negative peripheral blood cells (Fig 2) . These results are consistent with the hypothesis that the mutant stem cells have a relative survival advantage.
That the patient, but not her sister, was placed on chronic bacterial suppressive therapy because of recurrent urinary tract infections suggests a plausible explanation for why only one of this pair of monozygotic twins (who had never lived apart) developed PNH. Nitrofurantoin is associated with a variety of hematological abnormalities, including rare reports of aplastic anemia and megaloblastic anemia?" and PNH often develops in association with other diseases that affect the hematopoietic stem cell." Thus, it is possible that the nitrofurantoin injured the stem cells, thereby creating an environment in which PNH could evolve. While the mechanism by which PNH develops in the setting of marrow injury is speculative, a plausible hypothesis is that under some conditions, GPI-AP-deficient cells are selected because they have a survival advantage.22 For example, nitrofurantoin could initiate either a cellular or a humoral immune-mediated process in which a GPI-AP is the target Under those circumstances, GPI-AP-deficient stem cells would escape injury and consequently dominate hematopoiesis.
Our results favor the hypothesis that GPI-AP-deficient stem cells have a survival advantage relative to stems cells with normal GPI-AP expression because the proportion of hematopoietic cells with normal GPI-AP expression declined gradually after the initial period of engraftment and proliferation of donor cells (Figs 1 and 2) . The mechanism that effected this survival advantage is obscure; however, it appeared to persist independent of nitrofurantoin, since the drug was discontinued approximately 14 months before transplant. Further, the pathological process must be insidiFor personal use only. on January 15, 2018. by guest www.bloodjournal.org From ous in that evidence of disease progression accumulated slowly during the 17 months of observation posttransplant (Figs 1 and 2) .
Here, we have identified two discrete PIG-A mutations occurring in the same patient. Both mutations af'fect GPI-AP expression in an equivalent fashion (Fig 3) . However, one of the mutations (the G-to-A substitution that introduces a B'uI restriction site) appears to affect a stem cell that contributes significantly to hematopoiesis (Fig 3, while the stem cell affected by the other mutation (the 2-bp insertion) appears relatively quiescent (Fig 4) . Together, these results indicate that the PIG-A mutation alone does not determine the proliferative capacity of the stem cell. If the PIG-A mutation per se endowed mutant stem cells with a proliferative advantage, evidence of clonal dominance of hematopoiesis by cells with the 2-bp insertion, as well as by cells with the G-to-A substitution, should be observed. Thus, the hypothesis that PNH arises because GPI-AP-deficient cells have a growth advantage is not supported by these studies. Rather, it appears that proliferative capacity is an intrinsic property of the stem cell and that GPI-AP deficiency bestows a conditional survival advantage, rather than a conditional proliferative advantage on the affected stem cell.
The observation that individual patients with PNH can have more than one PIG-A mutation has been r e p~r t e d . '~~~~~~~ In one study, we identified four distinct somatic mutations of PIG-A in the hematopoietic cells of a single patient.I6 The interpretation of these findings is open to speculation. Whether the mutational rate is abnormally high in conditions that predispose to PNH or whether GPI-AP-deficient stem cells are present in the marrow before the onset of the disease process are debatable issues. Further, the two hypotheses are not mutually exclusive. However, that multiple PIG-A mutations are observed in the same patient is consistent with the interpretation that some aspect of GPI-AP deficiency is advantageous and provides the selective pressure that results in the emergence of abnormal stem cells that ultimately dominate hematopoiesis.
Two lines of evidence indicate that the number of stem cells that engrafted was relatively small. First, BfuI restriction analysis of PIG-A from peripheral blood cells before and after the transplant showed a similar pattern (Fig 6) . Second, the nonrandom pattern of X inactivation in the cells of the patient was not shifted toward a random pattern following the transplant (Fig 7) . The reason for the apparently low level of engraftment is speculative. Conceivably, the patient's marrow may have been too cellular to provide adequate sites for the transplanted marrow to engraft optimally." Alternatively, the number of engrafted cells may be similar to that which occurs following allogeneic marrow transplantation, since clonal hematopoiesis of donor origin has been reported in that situation.26 This observation implies that a single or a few pluripotent stem cells are responsible for maintaining hematopoiesis after transplantation. That the relatively small number of stem cells that engrafted had such a significant effect on the proportion of peripheral blood cells with normal GPI-AP expression suggests that the residual number of functionally normal hematopoietic stem cells of recipient origin must have been small. Thus, in addition to mutations of PIG-A, a deficiency of normal stem cells appears to be essential for the clinical manifestation of PNH to become apparent. Earlier studies by others have concluded that PNH is a monoclonal However, recent experiments from this laboratory have shown that PNH cells are polyclonal in some cases." In the present study, the pattern of X inactivation observed in the peripheral blood cells of our patient was consistent with clonal dominance of hematopoiesis (Fig 7) ; however, analysis of buccal mucosal cells demonstrated that extreme skewing accounted for the nonrandom pattern of X inactivation (Fig 8A) . This finding emphasizes the importance of analyzing other somatic tissues before reaching conclusions about clonality of hematopoietic cells based on the pattern of X inactivation. Further, in cases of extreme skewing of X inactivation, there is a high probability that the pattern of X inactivation will be identical among individual affected cells, even when the PIG-A mutations occur independently. In such cases, a uniform pattern of X inactivation is not unequivocal evidence of monoclonality. This is the fifth reported case of syngeneic bone marrow transplantation without pretransplant conditioning in a patient with PNH.'." Of the five patients so treated, four (including the present patient) had evidence of a return to abnormal hematopoiesis following transplant." Together, these studies provide in vivo evidence in support of the hypothesis that GPI-AP-deficient stem cells dominate hematopoiesis in PNH, because they have a survival advantage relative to normal stem cells. Future studies will be aimed at characterizing the pathological process that exerts the selective pressure and at identifying the GPI-AP that is the target of that process.
